ABSTRACT-The present experiments were conducted to elucidate the role of platelet-activating factor (PAF) and cyclooxygenase products in the cardiovascular responses to endotoxin in anesthetized rats. Endotoxin (10 mg/kg, i.v.) induced hypotension that was accompanied by a decrease in cardiac output and an increase in calculated total peripheral resistance, suggesting that this hypotension mainly resulted from the reduced cardiac output. The endotoxin-induced decrease in cardiac output and hemoconcentration was significantly attenuated by TCV-309 (a PAF receptor antagonist), ibuprofen (a cyclooxygenase inhibitor) or S-1452 (a thromboxane A2/prostaglandin H2-receptor antagonist). During the 3-hr observation period fol lowing endotoxin administration, ibuprofen and S-1452 showed only early protection and TCV-309 showed late attenuation of the endotoxin-induced hypotension. Tachycardiac responses to endotoxin were only blocked by ibuprofen but not by TCV-309 or S-1452. These results suggest that both PAF and cyclo oxygenase product(s), including thromboxane A2, mediate the decrease in cardiac output and hypotension in rat experimental endotoxic shock. Cyclooxygenase product(s) other than thromboxane A2 or prostaglandin endoperoxide may be involved in the endotoxin-induced increase in heart rate.
Endotoxin, the lipopolysaccharide associated with the outer cell membrane of gram-negative bacteria, causes a shock-like state characterized by severe hypotension, respiratory dysfunction and disseminated intravascular coagulation (1). A number of mediators such as cytokines, PAF, nitric oxide and arachidonic acid metabolites were shown to be involved in the pathoge netic sequences in endotoxic shock (2, 3). In anesthetized dogs, we previously reported that endotoxin induced hypotension by decreasing both total peripheral resistance and cardiac output. The cyclooxygenase inhibi tor ibuprofen blocked the hypotension by increasing total peripheral resistance, whereas the PAF receptor an tagonist TCV-309 increased cardiac output without affecting total peripheral resistance (4). In rats, both the cyclooxygenase inhibitor and PAF receptor antagonist attenuated endotoxin-induced hypotension and survival rate (5, 6), but the mode of action of these drugs on endotoxin-induced hemodynamic disturbance was poorly understood. Although both cardiac output and periph eral vascular tone are determinants of blood pressure, they were not separately considered when these blockers were tested in rat endotoxic shock. This is possibly due to the small size of the animal, although rats have been frequently used as an experimental model of endotoxic shock. Most of the detailed hemodynamic studies were conducted in large animals, such as dogs, sheep or swine (4, 7 9). However, it is well-known that the circulatory changes produced by endotoxin vary significantly among species (10). Therefore, the present experiment was con ducted to examine the role of PAF and cyclooxygenase products in the systemic hemodynamic responses to endo toxin by successive measurement of cardiac output in anesthetized rats. ment, the animals were fasted overnight with free access to water. For the experiment, the rats were anesthetized by intraperitoneal injections of thiopental sodium (120 mg/kg). The rectal temperature was controlled at 38C by a heating blanket and a lamp (ATB-1100; Nihon Kohden, Tokyo). The trachea was cannulated to facilitate respira tion. The left femoral artery was cannulated for blood sampling, and the systemic blood pressure (BP) and heart rate (HR) were monitored continuously with a pressure transducer (400T, Nihon Kohden). A catheter was placed into the left femoral vein for infusions of saline or drug solutions at the rate of 4.5 ml/kg/hr. Another catheter was placed into the right atrium through the right jugular vein. A thermosensor was placed in the ascending aorta above the aortic valve through the right carotid artery, and the other side was connected to a cardiac output computer (Cardiotherm 500-AC-R; Columbus Instru ments, Columbus, OH, USA). At the end of each study, the catheters and thermosensor were checked visually to assure their proper placements. We measured cardiac output (in duplicate) using the thermodilution technique by a bolus injection of 100 pl cold saline into the right atrium (11). Total peripheral resistance was calculated by dividing the mean arterial pressure by the cardiac output as previously described (11). Blood samples were collect ed into capillary tubes, and their hematocrit was deter mined in duplicate. After completion of the surgery, the rats were left for 60 to 90 min to stabilize hemodynamic parameters.
Experimental procedure Protocol 1: We investigated the roles of PAF in the endotoxin-induced hemodynamic changes in the rats. After measuring control parameters, continuous intra venous infusion of TCV-309, a specific PAF receptor an tagonist (12), (100 pg/kg bolus followed by 500 pg/kg/hr) (n=6) or vehicle (equal volume of saline) (n=7) was started and continued to the end of the experiment. This dose of TCV-309 has proven to be sufficient to block PAF-induced hypotension (13). Thirty minutes after the start of TCV-309 or vehicle administration, endotoxin (E. coli 0127: B8) was injected intravenously at a dose of 10 mg/kg. This dose of endotoxin was chosen as it causes circulatory shock states in rats (14).
Protocol 2: We investigated the roles of cyclooxygenase metabolites in the endotoxin-induced hemodynamic changes in rats. After measuring control parameters, continuous intravenous infusion of ibuprofen, a cyclo oxygenase inhibitor (12.5 mg/kg bolus followed by 12.5 mg/kg/hr) (n=6), S-1452, a specific receptor antagonist of thromboxane A2/prostaglandin H2 (15), (1.3 pg/kg /min) (n=6) or vehicle (equal volume of saline) (n=9) was started and continued to the end of the experiment.
Thirty minutes after the start of inhibitor or vehicle ad ministration, endotoxin (E. coli 0127: B8) was injected intravenously at a dose of 10 mg/kg. This dose of ibuprofen is enough to block the endotoxin-induced in crease in prostaglandin release (5), and S-1452 blocks U 46619 (Thromboxane A2 mimetic)-induced hypertension (16).
In both Protocol 1 and Protocol 2, the cardiac output and hematocrit were measured before the pretreatments of the inhibitors, just before the bolus injection of the endotoxin, and at 15, 30, 60, 90, 120, 150 and 180 min after the injection.
Drugs
The following drugs were dissolved in 0.9% saline and administered intravenously: endotoxin (Difco Labora tories, Detroit, MI, USA), thiopental sodium (Tanabe Pharmaceuticals, Osaka), TCV-309 
RESULTS
There were no statistical differences in the baseline values of hemodynamic parameters among the groups. Pretreatment with any of the inhibitors did not affect these parameters (Table 1) . Protocol] The bolus injection of endotoxin induced a progressive hypotension and a decrease in cardiac output. The blood pressure and cardiac output decreased from 118:t3 to 74 ± 13 mmHg at 180 min and from 32.4:F1.6 to 13.8:E 1.4 ml/min/ 100 g at 180 min after the endotoxin administration, respectively. On the other hand the total peripheral resistance increased from 3.69-±:0.19 to 6.37 _h0.41 mmHg -min • 100 g/ml at 30 min and then declined toward the control value. In response to endotoxin, the hematocrit rose from 48.3.:L 1.0010 to 58.7 ± 1.4010 at 30 min and decreased to 52.0± 1.8% at 180 min. The heart rate increased from 392± 12 beats/min to 465 ± 14 beats/min at 60 min and remained elevated during the entire course of the experiment. The endotoxin-induced hypotension was attenuated by TCV 309 only at 180 min, while the decrease in cardiac output was attenuated during the entire period after the endo toxin administration (except at 15 min). The increase in the total peripheral resistance was significantly attenuated by TCV-309 at 30 and 60 min after the endotoxin ad ministration. TCV-309 did not affect the endotoxin-in duced increase in the heart rate. Endotoxin increased the hematocrit even in the presence of TCV-309, but the magnitude was statistically less than that without TCV 309 (Fig. 1) . The bolus injection of endotoxin caused similar hemodynamic changes that were observed in Protocol 1 (Fig. 2) . The endotoxin-induced hypotension was at tenuated shortly after the endotoxin administration by ibuprofen or S-1452. Significant attenuation of endo toxin-induced hypotension was observed at 30 min with ibuprofen. Although S-1452 tended to eliminate endo toxin-induced hypotension at 15 min, this difference became statistically significant when examined as the percentage change in the blood pressure. With S-1452, endotoxin increased the blood pressure by 7.7:L 1.0%, whereas endotoxin alone decreased by 8. 
DISCUSSION
In the present experiments, we observed that the PAF receptor antagonist TCV-309 markedly attenuated the endotoxin-induced reduction in cardiac output. Although studies with other species such as sheep or dogs showed that PAF antagonists blocked the reduction in cardiac output (4, 7, 8) , this is the first evidence in rats. Since TCV-309 also attenuated the endotoxin-induced rise in hematocrit, the inhibition of plasma extravasation would contribute to the recovery of reduced cardiac output. We previously showed that the dilatation of capacitance vessels by PAF led to blood pooling and resulted in the decrease in cardiac output following an endotoxin admin istration in anesthetized dogs (4, 16). A similar mechanism may operate in the present experiment, although we did not test the possibility. As a study with isolated perfused rat heart showed cardiac depression by PAF (17), block ade of cardiac action of PAF with the antagonist may attenuate the endotoxin-induced decrease in cardiac output.
In the present experiments, endotoxin elicited progres sive hypotension over 3 hr. Since the decrease in blood pressure was associated with the decrease in cardiac out put and increase in calculated total peripheral resistance, this hypotension was attributable to the reduction in cardiac output. Qualitatively, similar results were report ed in conscious rats (18). As TCV-309 attenuated the endotoxin-induced decrease in cardiac output, TCV-309 should have attenuated hypotension to a similar degree. Although TCV-309 improved cardiac output during the entire period after endotoxin administration (except at 15 min), it significantly attenuated the endotoxin-induced hypotension only at 180 min. This discrepancy may arise from the fact that the endotoxin-induced increase in total peripheral resistance was significantly blocked by TCV 309 between 30 and 60 min. The rise in peripheral resistance by the endotoxin administration would have acted to maintain blood pressure. Although precise mechanisms of the increased total peripheral resistance are unknown, increased blood viscosity due to the hemoconcentration and the constriction of resistance ves sels are both possibly involved. As the endotoxin-induced increase in hematocrit was attenuated by TCV-309, it may contribute to eliminate the increase in total peripheral resistance and prevent blood pressure recovery.
There are a number of reports describing the protective action of PAF antagonists on endotoxin-induced hypotension in rats, although the degree of protection and/or the time course were different (6, 11, 14, (19) (20) (21) (22) . In the present experiment, endotoxin-induced hypoten sion was only partially attenuated by the PAF antagonist, which is in marked contrast to the complete blockade reported by others (6, 13). Nevertheless, our data clearly showed TCV-309 improved the hypodynamic state in the rat experimental endotoxic shock.
It is well-known that endotoxic shock is associated with a remarkable increase in cyclooxygenase products (5, 23, 24) . Furthermore, cyclooxygenase products and PAF have close relationships in their production and biological activities (25, 26) . Therefore, the roles of cyclooxygenase products were also examined pharmacologically in the present study. The blockade of cyclooxygenase with ibuprofen markedly attenuated the endotoxin-induced decrease in cardiac output. These results suggest that cyclo oxygenase products were also involved in the endotoxin induced reduction in cardiac output. In the absence of the blocker, cardiac output decreased over 40% at 15 min after endotoxin, whereas it remained unchanged when rats were treated with ibuprofen. In addition to the sus tained blockade of endotoxin-induced decrease in cardiac output, ibuprofen attenuated increases in hematocrit and total peripheral resistance by endotoxin. Since these hemodynamic effects of ibuprofen were basically the same as those of TCV-309, cyclooxygenase products and PAF may share, at least in part, similar mechanisms of action on the endotoxin-induced hemodynamic altera tions. These results were in a marked contrast to our previous findings in dogs. In anesthetized dogs, endo toxin induced hypotension that was accompanied by decreases in both cardiac output and total peripheral resistance. TCV-309 attenuated the former and ibuprofen blocked the latter (4). The discrepancy is possibly related to the well-known fact that circulatory changes produced by endotoxin vary among species (10).
S-1452, a thromboxane A2/prostaglandin H2-receptor antagonist, ameliorated the endotoxin-induced circula tory changes; this action is quite similar to that seen with ibuprofen. Thus, among the cyclooxygenase products, thromboxane A2 or prostaglandin endoperoxide may play a crucial role in the endotoxin-induced hemodynamic changes. This notion is supported by the report that thromboxane synthetase inhibitors attenuated the decrease in cardiac output induced by the administration of Salmonella endotoxin in conscious rats (27) . From the present experimental results, it is difficult to elucidate the mechanism for how S-1452 attenuated the endotoxin induced reduction in cardiac output. The blockade of thromboxane-induced pulmonary hypertension by S-1452 may improve cardiac output as thromboxane A2 elicited pulmonary hypertension and caused a reduction in cardiac output in sheep experimental endotoxic shock (28). However, this possibility is unlikely because ad ministration of E. coli endotoxin at twice the dose that we used did not elicit pulmonary hypertension in rats (29). Since the endotoxin-induced increase in hematocrit was attenuated by S-1452, the preservation of circulating blood volume may contribute to the recovery of the reduced cardiac output. In addition to thromboxane A2 or prostaglandin endoperoxide, other cyclooxygenase products may also be involved in the endotoxin-induced hemodynamic alteration. In this context, it is of note that ibuprofen but not S-1452 blocked the endotoxin-induced tachycardia. These results suggest that prostaglandins other than thromboxane or prostaglandin endoperoxide increased the heart rate following endotoxin administra tion. In the present experimental setting, however, we do not know how prostaglandins increased the heart rate or whether it is a direct or secondary action of prostaglan dins. In summary, these results suggest that both PAF and a cyclooxygenase product(s), including thromboxane A2, mediate the decrease in cardiac output and hypotension in rat experimental endotoxic shock. Cyclooxygenase product(s) other than thromboxane A2 or prostaglandin endoperoxide may be involved in the endotoxin-induced increase in heart rate.
